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Abstract
Optical and electrical properties of p-type doped hydrogenated amorphous silicon (p-a-Si:H), used as window emitter layer in 
silicon based hetero junction (a-Si:H/c-Si HJ) solar cells, are investigated. These properties were investigated by comparing 
diborane (B2H6) and trimethylboron (B(CH3)3, TMB) as doping gas analyzing the deposition temperature dependence. A wider 
optical band gap (E04 >1.9 eV) and lower refractive index (n) is observed for TMB-doped layers, which we ascribe to carbon 
incorporation. a-Si:H/c-Si HJ solar cells with p-doped emitter layers using TMB and B2H6 were fabricated. For cells with TMB-
doped layers an increased photocurrent of up to 1.5 mA/cm2 is found, which is due to a reduction in parasitic absorption. 
However, cells with TMB-doped emitter also show a higher series resistance, which we attribute to increased electrical losses at 
the TCO/p-contact.
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1. Introduction
Intrinsic, n- and p-type doped hydrogenated amorphous silicon (i-, n- and p-a-Si:H) are widely employed in 
silicon hetero junction (SHJ) based solar cell devices as passivation-, emitter- and back-surface-field (BSF)-layers, 
respectively. In this study, we focus on devices consisting of an n-type wafer, a p-a-Si:H emitter and n-a-Si:H BSF. 
In this typical design, conversion efficiency of above 24.7% has been shown [1]. Here, both i- and p-a-Si:H layers 
are applied on the illuminated side of the solar cell and absorbing a certain amount of incoming light. As a result the 
short circuit current density (Jsc) is reduced. A comprehensive simulation study performed by Holman et al. [2]
demonstrates that the absorption in p-a-Si:H is mainly parasitic, while charge carriers from absorption in the i-layer 
can partially be collected. Fujiwara et al. [3] carried out a thickness study proving that the p-layer starts to become 
detrimental on cell performance below 2 nm, which is half of the thickness compared to the i-a-Si:H passivation 
layer. In order to reduce these absorption losses, optical properties (i.e. optical band gap E04 and refractive index n)
of a-Si:H material can be adapted by plasma enhanced chemical vapor deposition (PECVD) parameters. As well, the 
choice of precursor gases opens the possibility of incorporating other elements (carbon or oxygen) into the a-Si:H 
network to deposit a-Si:H alloys with wider optical band gap [4,5,6] to suppress parasitic absorption within these 
layers.
In case of p-doped a-Si:H, diborane (B2H6) or trimethylboron (TMB) are commonly used as dopant gases, 
although other alternatives have been examined [7,8]. As compared to B2H6, TMB has the advantage of a higher 
thermal stability that avoids decomposition in undesired locations such as the heated showerhead [9]. Furthermore, 
the use of TMB can increase the optical E04 gap [8], in contrast to the severe bandgap narrowing observed upon 
B2H6 doping [10]. It is likely that this is related to carbon incorporation from TMB, which is known to be enhanced 
under boron presence [11].
In this study, we systematically compared the optoelectronic properties of p-doped a-Si:H single layers using
B2H6 and TMB, varying the deposition temperature (T) in a range which is compatible with the maximum process 
temperature of other layers in the SHJ solar cell device fabrication. Moreover, both optimized p-doped emitters were
integrated into SHJ devices and their effect on solar cell performances is discussed.
2. Experimental
For opto-electrical characterization p-doped a-Si:H layers with a thickness in the range of 100-200 nm were
deposited on Corning Eagle glass substrates by rf PECVD technique using SiH4, H2 and TMB or B2H6 as process 
gases. The TMB-doped layers were deposited in an industrial-type multi-chamber system by Applied Materials
(AKT1600, electrode size 2000 cm2), while the B2H6-doped layers were deposited in a PECVD tool manufactured 
by FAP (electrode size 531 cm2). In both tools, the electrodes are in parallel-plate configuration, frequencies are
13.56 and 60 MHz, respectively. Optimized recipe parameters are summarized in Table 1. The deposition
temperature T was varied in the range 175°-220°C and 130°-175°C for TMB- and B2H6-doped layers, respectively. 
The measurement of optical transmission-reflectance was carried out using a Perkin Elmer Lambda 1050 UV-VIS-
near-infrared (NIR) spectrometer equipped with an integrating sphere. The Tauc-Lorentz dispersion model was used 
to fit the measured spectra and to extract the following optical parameters: film thickness, refractive index n at 635 
nm and optical band gap energy, E04 (defined as the photon energy where the absorption coefficient is equal to 104
cm-1). The optical absorption coefficient (Į) was also calculated from reflection and transmission spectra according 
to [12]. The analytically calculated values for Į agreed well with the numerical fit in the region of high absorption. 
Dark conductivity (ı) measurements were performed using mercury electrodes at room temperature under vacuum.
Table 1. PECVD parameters for p-a-Si:H layer depositions.
Pressure
(Torr)
Power density 
(mW/cm2)
Dep. T. range 
(°C)
B/Si
in gas
TMB flow 
(sccm)
B2H6 flow 
(sccm)
2.0 19 175-220 3.3 90 /
0.4 18 130-175 0.4 / 2
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Selected p-layers were deposited as emitter layers in a-Si:H/c-Si hetero junction solar cells using both polished 
<111> oriented and random pyramids textured FZ n-type wafers (resistivity of 1-ȍÂFP and thickness of 280-300 
μm). The c-Si wafers were cleaned with standard RCA process and dipped in 1% HF solution to remove the native 
oxide layer prior to PECVD deposition. A 8-10 nm thin intrinsic a-Si:H layer was grown on both sides to passivate 
the silicon wafer surfaces and a BSF (n-doped a-Si:H) was deposited on the non-illuminated side. All depositions 
except for the B2H6-doped p-layers were performed at the AKT1600 system. The p-doped emitter layers were 
deposited as described above adapting the deposition time to reach the desired thickness. On the rear side, a
transparent conductive oxide (TCO)/silver stack was deposited by sputtering with a thickness of 80 and 200 nm, 
respectively. The front side was completed by sputtering a TCO (indium tin oxide ITO, 80 nm) layer and a front 
silver grid by evaporation technique through a metallic mask. Finally, 12 cells with area of 1 × 1 cm2 are delimitated 
by photolithography process.
The solar cells were characterized under standard test conditions using a “WACOM WXS-155S-L2, AM.1.5GMM” 
sun simulator with dual-source illumination (class AAA). From the illuminated current voltage (IV) curve the 
following cell parameters were obtained: short circuit current density (Jsc), open circuit voltage (Voc) fill factor (FF)
and efficiency (Ș). External quantum efficiency (EQE) measurements were performed using a self-made system and 
total reflection (Rtot) spectra by the same UV-VIS spectrometer described above. Suns-Voc measurements were 
performed using a setup purchased from Sinton Instruments, and pseudo solar cell parameters were extracted from 
these measurements.
Fig. 1. (a) Dark conductivity ʍ of p-layers on glass substrate as a
function of deposition temperature (lines are guides to the eye);
(b) Optical band gap E04 (full symbols) and refractive index n
(open symbols) of p-layers on glass substrate as a function of
deposition temperature. (triangle = B2H6, square = TMB and
circle = i-a-Si:H) (lines are guides to the eye);
(c) Optical absorption spectra Į for i-a-Si:H and TMB-layer
deposited as 205°C and B2H6-layer at 130°C as a function of
photon energy.
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3. Results and Discussion
3.1. (p)a-Si layer characterization
Fig. 1(a) shows the dark conductivity (ı) of single p-a-Si:H layers deposited on glass substrates in two different 
temperature ranges. ı increases rapidly by more than two orders of magnitude for B2H6-doped layers as the 
temperature rises. In contrast, TMB-GRSHG ILOPVVKRZ ORZHUı throughout the whole explored temperature range,
although the boron to silane ratio in the precursor gas mixture (B/Si) is much lower than for the B2H6/SiH4 mixture 
(see Table 1). For TMB-doped layers the maximum ı YDOXH Â-5 S/cm) is reached at 205°C and the dark 
conductivity stays in the order of 10-6 S/cm for the other TMB samples. A similar trend is also observed in literature
[13].
The temperature dependence of optical properties is plotted in Fig. 1(b). A strong reduction in E04 with increasing 
temperature is observed for samples doped with B2H6. Using TMB as doping gas, the E04 gap is systematically 
above 1.9 eV in the deposition temperature range investigated. In the same graph we can also compare the doped 
layers with an intrinsic layer fabricated at the same plasma condition and deposition temperature of 205°C. In 
particular it can be seen that doping the i-a-Si:H material with TMB leads to a slight widening of E04 and to a
substantial reduction of the refractive index n, which confirms the assumptions of carbon incorporation. It is also of
interest to compare the wavelength dependent absorption coefficient Į for undoped a-Si:H and two selected p-doped 
layers (Fig. 1(c)). Į of the B2H6-doped layer is above the other two in the whole range analyzed. The spectra of 
doped materials have a KLJKHUĮWKDQXQGRSHGOD\HUEHORZDERXWH9. Above this energy TMB-doped spectrum 
crosses the i-a-Si:H curve and stays below the latter, which is due to the lower sub-gab defect density of intrinsic a-
Si:H. The same trend was also observed by Lloret et al. [8].
3.2. Performance of a a-Si:H/c-Si hetero junction solar cells
In the next step, the p-doped layers, shown in Table 2, were selected as emitter layers in a-Si:H/c-Si HJ solar 
cells. The deposition time was adapted to grow layers 7 nm and 8 nm thickness on textured substrates, which was 
the outcome of previous optimization. Note that the films on flat wafers were slightly thicker. We decided to choose 
layers with similar conductivity for both types of p-layers, resulting in a significantly lower band gap in the case of 
diborane as compared to TMB. Table 2 summarizes the optoelectronic properties taken from Fig. 1(a) and 1(b).
Fig. 2. (a) Box plots of the IV-parameters of samples with TMB- and B2H6-doped emitter layer on polished and textured n-type c-Si wafers. 
(Interquartile range is indicated by box plot, the median value by horizontal line and the trimmed estimator by vertical segments);
(b) External quantum efficiency and total reflection as function of wavelength for best cells on polished and textured wafer.
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Box plots of the IV-parameters (calculated from 12 cells for each set of samples) are presented in Fig. 2 (a). The 
same trends both for polished and textured wafers are observable: using TMB as precursor, Jsc and Voc are 
systematically higher than cells fabricated with B2H6. We can ascribe this improvement mainly to the reduced 
absorption (higher E04) and lower n in the emitter layer by employing TMB. This last property permits us to deposit 
a stack with refractive indexes which consecutively decrease from i-layer to ITO. EQE and Rtot spectra in Fig. 2 (b) 
support the IV results. The gain in Jsc by employing TMB instead of B2H6 is up to 1.5 and 1.4 mA/cm2 on polished 
and on textured substrate, respectively. On the other hand, much higher FFs are measured in case of B2H6-doped 
emitter. From Suns-Voc measurements, we obtain the pseudo fill factor p-FF which can be interpreted as the 
potential upper limit for the solar cell’s fill factor. For the best cells on textured wafers, the improvement observed is 
higher for the emitter doped with TMB (pseudo-Ș , p-FF=81.2%) than with B2H6 (pseudo-Ș , p-
FF=82.1%). Moreover, it is possible to determine the series resistance under illuminated conditions (RS,light) of solar 
cells by comparing the illuminated IV and the Suns-Voc curves, according to [14]. We calculated for solar cell with 
TMB as emitter a RS,light up to 40% more than B2H6 FRPSDUHGWRȍāFPð7KLVFRQILUPVWKDWWKHORZHU))
with the TMB doped emitter is mainly due to a higher series resistance.
Further optimizations of wafer texturing and the TCO quality resulted in solar cells with TMB-doped emitter 
layer with further improved performances and an efficiency of 20.8% (see Fig. 3).
4. Conclusion
In this work we compared p-a-Si:H layers doped with TMB and with B2H6 as PECVD source gases, analyzing 
the effect of deposition temperature on optoelectronic properties. The results show that TMB allows to produce 
more transparent material (E04 ~ 1.96-2 eV) but exhibits a lower ı in the whole temperature range. We ascribe this 
to carbon incorporation. Finally, cells with TMB- and B2H6-doped p-layers having the same conductivity were 
fabricated on both polished and textured FZ n-type c-Si wafers. From cell parameters we found a gain in Jsc of up to 
1.5 mA/cm2 using TMB as precursor gas. Although cells with B2H6-doped layers had a considerable higher FF, the 
efficiency remains comparable with both doping gases. Further enhancements in solar cells performance are reached 
by improvements in light trapping (texturing and ITO material quality). So far, the best cell incorporating an emitter 
doped with TMB had a conversion efficiency of 20.8%.
 Table 2. Optoelectronic properties of selected p-doped layers.
 Doping gas Dep. T (°C) E04 (eV) ı6FP n at 635 nm  
 TMB 205 1.96 1.3Â10-5 3.75  
 B2H6 130 1.85 1.4Â10-5 4.2  
sample Jsc(mA/cm2)
Voc
(mV)
FF
(%)
Ș
(%)
TMB_a 38.1 673 75.7 19.3
TMB_b 39.7 689 76.2 20.8
Fig. 3. Light IV curve and solar cells performances for best cells with TMB-doped layer as emitter.
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